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Abstract—Changes in the scasonal CO, flux of the boreal for-
csts may result from increased atmospheric CQ, concentrations
and associated global warming patterns. To monitor this po-
tential change, a combination of information derived from re-
mote sensing data, including foresttype and growing season
length, and ccophysiological models which predict the CO, flux
and its scasonal amplitude based on meteorojogical data, are
required. In this paper we address the use of synthetic aperture
radar (SAR)tomap foresttype and monitor canopy and soil
freeze/thaw, which define the growing scason for conifers, and
leaf on/off , which defines the growing season for deciduous spe-
cies, Abrceraft SAR (A TRSAR) data collected in March 1988
during a freceze/thaw event arc used to generate species maps
and todetermine the sensitivity of’” SAR to canopy freeze/thaw
transitions. T'hese data are also used o validate a microwave
scattering mwodel whichis then used to determine the sensitivity
of SAU teleaf on/off' transitions and soil freeze/thaw, Finally,
a CO, flux algorithm is presented which utilizes SAR data and
an ccophysiological model to estimate CO, flux. CO, flux maps
are generated, from w hich aveal estimates of CQO, flux are de-
rived,

1. INTRODUCTION

ITH approximately 21 % of the global soil carbon

and 18 % 01 ihe global terrestrial live carbon, the
boreal forest is the major reservoir of soil organic matter
and is second only to broad leaf humidforests in terms of
live carbon storage]22 j. in addition, uptake and release
of CO, by the boreal forest may account for approxi -
mately 50% of the scasonal amplitude in atmospheric CO,
at Point Barrow, AK, and about30% of the seasonal am-
plitude at Mauna 1 .oall 2]. Based on current estimates of
oceanic carbon uptake, Tansefal., |31} Concluded that a
northern hemisphere terrestrial carbon sink on the order
of 2 .0-3.4 Gt Cper year is required 1o balance the global
carbon budget. While Tans e¢ral. associate this sink with
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deciduous forests in temperate latitudes, Bonan {7], | 8)
suggests this sink may actually bca consequence of an
imbalance in production and decomposition in boreal for-
osts,

The role of borcalforests in the carbon cycle is partic-
ularly important because experiments with atmospheric
general circulation models indicate significant northern
hemisphete high latitude climatic warming with doubled
atmospheric CO, concentrations (e. g., 129]). The ecolog-
icalimplications of such a climatic change arc unknown,
but the scuasonal amplitade of atmospheric CO, concen-
trations in northern latitudes has increased with time, and
this may1eflectinercased metabolic activity of ccosys-
tems in northernlatitudes duc to warmer air temperatures
and **CO; Afertilization™ [1]. {16}, {18]. Change to a
warmer, dricr climate may relecase more than 1.75 Gt C
pecr year to the atmosphere fromboreal ecosystems [26].
As acompurison, estimates of 1980 annual fossil fuel
emission andrelease of carbon from tropical deforestation
arc 5.2 Gt ( and 0.7- i .4 GtC,respectively{19]. In ad-
dition to increasing metabolic activity, increased high lat-
itude temperatures may also extend the growing season
resulting in increased annual productivity, as well as pe-
riods of frost drought which may reduce annual produc-
tivity.

Based on the above discussion, mecasurements of the
length of the growing scason, the length of periods of frost
drought, and the seasonal amplitude of CO, flux Inay sig-
nificantly inrprove current estimates of net annual CO; flux
in the bore.ai regions. Growing season lengthimay be cs-
timated for deciduous species by determining the duration
of Jeaf-on periods. For coniferous species, the summer
frost-free period bounds the growing scasonallength. Hs-
timating scasonal amplitude is more difficult. Bonan has
developed an ccophysiolog ical model which estimates
CO, flux based on air tempcerature, precipitation, relative
humidity, air pressure, wind speed, and cloudiness for the
dominant species in the Alaskan boreal forests {6}, [7].
This model provides a link between parameters which may
be reinotely sensed (temperature, relative humidity, anti
cloud cover), and CO, flux amplitude which is currently
not possible to determine remotely anti expensive to cs-

© 1994 TEEY




354 IEEE 1 RANSACT IONS ON GEOSCIENCE AN 1) R}klo'1l; SENSING, Vol. 32,NO. 2, MARCH 1994

timate using in sifu techniques. Applying the model to
estimate landscape CO; flux requires accurate estimates
of the distribution of each forest type.

A number of remote sensing instruments may be used
to derive forest type maps andestimate growing season
length, and it is likely that a combination of sensors will
provide the most accurate information.The Advanced
Very High Resolution Radiometer (AVHRR), for exam-
ple, may provide pood estimates of leaf-on period, thus
bounding the growing Season length for deciduousspe-
tics. To determine the value of synthetic aperture radar
(SAR) for estimating these properties, a series of multi-
temporal, multifrequency aircraft SAR (Al RSAR) data
sets have been collected. These AIRSAR data sets allow
us to study the change in microwave backscatter for the
seasonal states captured by the AIRSAR and to vailidate
radar scattering models under these select meteorological
conditions, The radar models then allow us to determine
dominant scaticring mechanisms and how they change
with the geometric and diclectric makeup of the forest as
pertarbed by scason. The models also allow us to predict
forest backscatler at ail frequencies and polarizations over
an entire year of hypothetical seasonal statesto determine
which might be observed by spaceborne SAR systems.

In this paper, wc asscss the usc of SAR for mapping
boreal forest type and for monitorin g frecze/thaw and leaf
on/ofl transitions. The data set we usc were collected by
the AIRSAR polarimetric aircraft radar over the Bonanra
Creck Experimental Forest (BCEF) near Fairbanks, AK,
in March1988 when the trees changed from a thawed 10
a frozen state over a onc-week period. The sensitivity of
radar backscatter and scattering mechanism to thesc
changes is demonstrated, as well as our ability to map
dominant floodplain forest types using SAR image data.
A scatlcring model validated with the AIRSAR data is
then usecd to determine the sensitivity of SAR 1o leaf on/
ofl and soil freeze/thaw transitions for which sensor data
do not exist. The AIRSAR data arc also usedto derive a
forest type classification map. Finally,CO, flux maps de-
rived from the classification map and an ccophysiological
modcl arc generated for the scasonal states captured by
the AIRSAR, andscene average CO, flux values arc es-
timated.

1. BoNaNzA CrEERK EXPERIMENTAL FoOresT TEST Siie

The test site representing tile Alaskan taiga forest in
this study is the Bonanza Creek Experimental Forest
(BCEF). BCEF, a lLong Term Ecological Research
(LTER) site |34}, has been the subject of modeling stud -
ics by Bonan, Shugart, anti others }2}-]11}.In addition,
it is onc of the primary test sites for radar signature studies
using the Al RSAR, the Europcan Remote Sensing satcl-
lites (ERS-1 anti ERS-2), and the Japanese Earth Re-
sources Satellite (JERS- 1) SAR data sets {2 1], [42).

The 30,000 ha BCEF lies within the Tanana Valley
Staic Forest atlatitude 64° 45'N, longitude 148° 15'W

in interior Alaska along the Tanana River in the. zonc of
(discontinuous pectmafrost. The climate is continental with
layge diurnaltemperature changes, low precipitation, low
cloud cover, and low humidity. BCEH ¥ includes both up-
land fire-controlle(i succession and floodplain succession
forests. The floodplain fore.sts arc the focus of this paper
in order to eliminate topography as a factor in the radar
Imige analysis.

Duc to active crosion of mature stands along the Tan-
ana and production of silt bars on the river floodplains,
most BCEY forest standstendto be in a variety of young
successional stages|! 5], [36]. Primary succession on the
floodplain begins with willows andalder which stabilize
the terraces providing biological controlof the flooding
and allowing the forest floor to develop [36]. Alder (Alnus
tenitifolia) arc followed by balsam poplar (Populus bal-
samifera) which compete with the shade-intoicmnt alder.
Finall y, white spt ucc (Piceda glauca) dominate on river
alluvium where permafrost is absent. In locations where
the white spruce stands arc protected from erosion, their
shading allows the formation of permafrost, which then
results in a final successional transition to black spruce
(Piceamariana).

111, Canvoy FrEEZE/TE 1AW OBSERVAT JONS
witH AT RSAR
Freezing and thawing of the soil and trees dcfine the
limits of the growing season anti the duration of frost
drought for the coniferous forests. Preliminary obscrva-
tions with airborne SARindicatc a clear ability to monitor
canopy frecze/thaw events [42]. A quantital ive assess-
mentof these obscrvationsis presented along with i situ
data and microwave modcling results, which arc usedto
explain the interactionof the radar with the forests under
different metcorological conditions.

A. Observations

A it borne SAR data collected with the Jet Propulsion
Laboratory’s (JP1.’s)P-, 1.-, and C-band (0.450, 1.26,
and 5.31 GHz, respectively) polarimetric AIRSAR
mounted in NASA’s DC-8aircraft were acquired over the
BCE} test site on five flight days in March 1988 [42].
Overlapping passes wereacquired on March 13, 17, and
19. Data collected on March 11 and 21 were o flset by
approximately a half-swath-width and will not be used due
to incidence angle diflerences. On March 17, the P-band
radar lostits V-transimit capability; anti on March 13, tur-
bulence in the air resultedinbanding in the C-band data.
Data collected on March 17 and19 arc nearly identical in
backscatter because air temperatures were well below
freezing on both days. The March 13 data were collected
during an unusually warm pcriod (temperatures were
above 0°C)and show significantly highecr backscatter than
the two colder days. ‘Jable Isummarizes the AIRSAR data
sets for March 13, 17,and 19. Given the above consid-
crations, wc will focus on the lL.-band data collected on
March 13 anti 19.
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TABLE |
AT RSAR PARAMEVNERS AND BNV IRONMEN At CONDITIONS
ATFIME Sol OviRENIGHTS

Date 3/13/88 3/17/88% 3)19/88
Local  timeof overflight 15:03 14:54 23:17
ATRSAR channels P, 1% 1., ¢4 1., C**
Incidence  angle®*?* 41° 40° 3ge
Maximum air temperature (O 10 -12 -8
Minimu w air femperature (CyHt -13 -19 -17
Air  temperature(() 2 -13 -14
Soil temperature

S em depth * (7 -2 -3 -3

50 cm depth 0 -1 -
Snow  temperat ure () 0 -13 12
Snow upper  layer condition wet frozenm frozen
Snow moisture (% vol) S.-i o 0
Stem  water  status thawed frozen frozen

Ran din p i C-band dita duc to & tu rhulence
:' H-pol tra psmu channel only for P-ban 4
**OOA L center af Seven Mile Island
1 Fromy LTV R 2 on flood plai o

The March13 anti 19 lL.-band data were calibrated ra-
diometrically to + /- 1.9 dB using 6’ corner reflectors
[21 ], and color density slice total power images were gen-
erated (Fig. 1). The red regions along the Tanana River
in the MarchI3 image represent the mature stands of
white spruce and balsam poplar frond on the floodplain,
while the blue regions in this image represent stands of
black spruce. The region to the south of the Tanana River
is black spruce and bog. in the March 19 l.-bandscenc,
white spruce and balsam poplar backscatter are reduced
by about 5-7 dBresulting in blue-colored stands with our
color scheme. The image was collected from the south;
stands along the north bank of the river in the March 19
scene remain bright (red) due to a stcm-river corner re-
flector return.

B. Analysis

In order to understand the causes for the change in
backscatter with freezing and thawing, radar scattering
models are employed. /nsitit data, including both static
(geometry and species) andtemporally varying canopy
properties collected at the time of overflight, arc used as
input to radar scattering models to determine the expected
backscatter from the forest, and the results are compared
to [he measured backscatter signatures (Fig. 2). Agree-
ment for a variety of frequencics, polarizations, and sca-
sonal states indicates the radar scattering through the can-
opy is carrectly modeled. By then looking at the various
contributions to the total backscatter asidentified in the
model, insight into the dominant scatterers can bc ascer-
tained.

1) In Situ Data: In sing  data collection includes static
canopy and soil propertics, including species, stem di -
ameter and height, anti canopy dimensions, andtempo-
rally varying properties which must be acquired at the time
of SAR data colicction. Temporally varying properties in-
clude canopy water status and diclcctric propertics, and
snow moisture propertics. The complete set of measured
canopy propertics is documented on a CD) Rom by Way
et al. [45].
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BONANZA CREEK, ALASKA

MARCH 19, 1988 (FROZEN)

. R |
220 -20,8 -19.6 -18.3 -17.1 -15.9 -147-13.4 -12.2-11.0
L-BAND O TP

Fig. 1. Calibraied total power backscatter image of BCEF on March 13
(thawed) and March 19 (frozen). The red arcas in the March 13 image are
white spruce and balsam poplar. In general, the blue arcas are black spruce
and clearcuts. The Tanana river runs approximately cast- west through the
image.
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Fig. 3.
used in this study. Also shown are the L'TER wcather stations.

a) Static Canopy Geomertry: Approximately 30 for-
est stands (including 3 clear-cuts) in BCEF have beeniden-
tified for this study (Fig.3). ‘1’0 date, canopy geometric
characteristics have been collected for 12 stands (Table
11): 5 were obtained during the March AIRSAR cexperi-
ment and in the summer of 1 988120], and 7 additional
stands have been measured in the summer of 1990 [28].

Each standconsists of 10 measured plots scparated by
50-100 m and distributed along one or two transects
through the stand. Approximately 150 trees pcr stand were
measured for stem diameter at breast height (DBH) and
number density, where a tree is defined as having a DBH
of at lcast 2.5 cm. Fortly trees (approximately four pcr
plot) of each spccics frequent in the overstory were se-
lected for height measurements. From the DBH and height
data, linear regressions relating DBH and height were used
to cstimate heights for all trees in the mecasured plots.
Biomass was calculated using equations by Yaric and Van
Cleve [47], Manning et al.[23], and Singh[30]. The
mean of height, DBH, stem number density, pcrcent can-

ROSIE CREEK-

SAM CHARLE Y
ISLAND

HADY Y
ISLAYD

& LTER SITES Vit WEBTHER STATIONS
G LTERSITES WiTHOUT STATIONS

LTERWERTHE R S1ATIONS

<

LV SITE (ND WEATHER STATION;

Bonanza Creek Experimental Yorest (BCEF) showing test stands

opy cover, and winter biomass for each stand aresum-
marizedin Table 11.

For balsam poplar, the mean heights for the mature
stands arc 15- 17 m withmecan DBH’s of 18 ¢m and a stem
density of 1125-1615 stems/ha. The younger balsam
poplar stand has a much smaller DBH and height and a
much largeistem density as is typical of young stands.
The white spruce stands arc similar in height and DBH to
the balsam poplar stands with mean heights ranging from
20 to 22 m, mean DBH s ranging from 14 to 25 ctn, ant]
stem densitics from 608 to 2073 stems/ha. The black
spruce stand is quite difierentin diameter and height with
mean heights from 7 t012m and mean DBH’s of 8-13
cm. Thestemdensity is similarat 1135- 1975 stems/ha.

b)  Temporally Varving Canopy Properties: During
the aircraft overflights, several scene variables (stem water
status and dielectric characteristics, and snow pack char-
acteristics, including moisture and temperature) were ob-
taincd on Seven M ilelsland in the WS-02 and 11S-01
stands. Air temperaturc and relative humidity were mon -




WAY etal i EVALUATING “1 YPE

Stand

ANI) STATHOBF ALASKA ‘I AIG A FORESTS

TABI.T

357

M1 ASURED CANOPY PARAME 11 RS

Location Age Mecan

DBH
(em)

{vears)

Clearcuts

'C Scv en Mile Isl 6 (1985/6) 0
CC-2 Willow 18] Y (198? /3) 0
Alder_(Alnus
AL-1

tenuifolia)

Seven Mile Is! 30 50
Balsam _Poplar (Popoulus bal sam ifera)
Rp-2 Seven Mile sl 90
BP 6 Davis Trail 30
RBI-13 Hadley [l 75 est

White  Spruce/Balsam  Loplar
WS/RI-1 Hadley sl 50

18.0

185
9.3

White Spruce _(Ficed glauca)

WSt Seven Mile sl

wSs? Seven Mile sl

WS 4 Seven Mile Slough
WS § Witlow 1sl

165
)00
124
180

19,6
145
25.0
17.9

(riced mariana)

Seven Mile 1s]

Scv en Mile Il
Willow 11

Black - Spruce
BS 1 200 8.
2(10 8
a1 1

BS-2
BS 12

w f
o e

* Summer biomass noted in O for alder and balsam poplar
'R IO
In or adjacent to LTER stands

itored hourly using two 1 .'TER weather slat ions located in
the uplands (I.TER- 1) and on the floodplain (1 .‘TER-2)
(see Fig.3).in addition, soil temperatures at 5, 10, 20,
anti 50 cmdepths at the two LTER weather stations were
recorded throughout the duration of the flights. These
temporally varying mecasurements arc discussed in detail
by Way ¢t al.{42]and arc summarized in ‘T’able 1.
Throughout the cxperimentbetween March 11 and 21,
the Tanana River remained {rozen and there was approx-
imately 20-25c¢m of snow on the ground. No dcciduous
trees (balsam poplar and aspen on the floodplain and birch
and alder in the uplands) had leaves. Thc average air tem-
perature dropped from 2°C on March131t0--14°C on
March 17 and 19. Soil temperatures remained at () to
—3°C on all three days. Snow tecmperature was 0°C on
March 13, and the upper layer was wet during AIRSAR
data acquisition: while on March 17 and 19, the snow
temperat u re d roppedto 13°C, and the snow was frozen
throughout. On the warm day, snow moisture rose 1o
5-7%on March 13 but dropped 100% on March 17-19.
One of the canopy characteristics which strongly aflccts
the radar signature is the dielectric constant. Although it
was not possible todectermine the dielectric constant for
the entire tree, mcasurcments of the stems were obtained
using a field-portable Applied Microwave dielectric probe
anda O. 141 “-diameter tree tip. Data were collected at
several depths in the white and black spruce and balsam
poplar on each of the {light days. Theresults are shown
in Fig. 4. For white spruce on the thawed day, the real
diclectric constant rcaches a peak of about 35 at about
3 cm depth. At greater depths, the dielectric constantde-
creases rapidly andreaches a constant value at about 6 cm
depth. in comparing the measured diclectric constant pro-
filesto tree core profiles, the higher dielectric constant
region corresponds to the xylem tissue with the highest
hydraulic activity. Balsam poplar shows a similar pattern.

Winter”
HRiomass

(103 kp/ha )

Mean Densily
Height of Live
(0 Stems i#/ha)

Canopy
Cover
(%)

0 0 0
0 0 0

790, 86 21 (29)

1615
EI 71
1125 45

179 (182)
34 (M)
104 (106)

4997 5(1 10001 1))

124y 217
2073 167
608 49 163
1485 1%1

197s 37
1402 14 23
1135 24 60

50 -—

+
t

Balsam Poplar
40

30 1

ric Constan

)

20

Dielec

10 A

[

.

o-f!-r-ﬁ e s R L.

Rea

T = - -
White Spruce

.
4

a
o

Dielectric Constan

—o— Thawed

——e—— Frozen

Real
Y

Black Spruce

Dielectric Constant

o \‘/»{-V

0 T e e v e 1 =,
o 5 10
Depth (cm)

Real

15

Fig. 4. l.-band rcal diclectric constant versus depth into the stem for bal-
sam poplar, white spruce, and black spruce for the frozen and thawed days
in March 1988.
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The black spruce has amorc uniform diclectric profile on
the thawed day, reaching a peak of about 25 between about
1 and 2 cm depth. On the frozen day, the real diclectric
constant profiles for both trees show a dramatic drop to
below a dielectric constant of 5 at all depths duce to freez-
ing of the xylem liquids. The higher diclectric constants
in the active xylemrecgionof the thawed trees arc duc to
the freely rotating polar water molecules. Upon freezing,
rotation is halted and the diclectric constant drops signif-
icantly.

2) Backscatter Signature Extraction: The measured
L-band backscatter for the frozen and thawed days for tbc
12 stands and two clearcuts arc plotted as a function of
age and specics in Fig. 5 for all three polarizations (HH,
VV, and HV). The difference ducto freezing is large at
all three polarizations for all three stands, with the great-
estdiflerence at vertical and cross polarizations.,

Table 111 shows the mean and standard deviation for the
measured backscatter values for the balsam poplar, white
spruce, and black spruce stands. Table 1V summarizes the
results of’ a two-way analysis of variance with a least
squares diflerence (1.S1)) at the 0.05 significance level.
These results indicate that there is an interaction between
species and freeze/thaw state for 1LVV (i. e, the relation-
ship between the frozen and thawed backscatler changes
with species, and the significance of the interac tion is
<0.05); however, for 1.HH and I.HV, there is no inter-
action between species and freeze/thaw state signincance
of interaction is >0.05). ForI.HH anti I.HV, then, the
backscatter from the black spruce is significantly different
from white spruce and balsam poplar, but the backscatter
from white spruce and balsam poplar arc not significantly
different al either polarization.

3) Microwave Modeling: To gain insight into the cause
for the change in backscatier between the frozen and
thawed states, radar scattcring models may be employed.
In our analysis, wc usc the Michigan Mlcrowave Canopy
Scattering (MIMICS) model.

a)The MIMICS Model: The MI MI(2S model is a
fully polarimetric first-order radiative transfer model de-
veloped at The University of Michigan specifically for
modeling radar backscaticr from tree canopies. The ver-
sionof MIMICS applied in this study (MIMICS 1) has
been developed for applicationto canopies with continu-
ous or nearly continuous crownlayers. This scction pro-
vides a very brief introduction to MIMICS 1. The com-
pletc derivation of the model is quite lengthy, and
thercfore the reader who desires morce information about
the derivation of the radiative transfer solution is referred
to {327 or |33].

As confirmed in a number of modcling studies | ] 3],
| 14], (241, [25], MIMICS is valid for microwave f{re-
quencics between P- and X-bands, multiple polarizations,
and over a wide range of incidence angles. In these anal -
yscs, extensive sets of canopy dataderived from in situ
ground measurcments were uscd as inputto MIMICS, and
the resulting model output was compared to multipolar-
ization radar data recorded with truck-1 nounted scatter-
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Fig. 5. Extracted backscatter ssgnatures from the calibrated AIRSAR im-
ages for the frozen and the thawed days plotted as a {unction of age for the
clearcuts, balsam poplar, white spruce, and black spruce. Note that the
backscatter on the thawed days is always higher than on the frozen days at
L-bund.

TARLE 111
MEAN MEASURED L-BAND BACKSCAT 1k AND STANDARD DEVEATION
LUY (dB)
Species Freozen Thawed bFrozen Thawed Frozen Thawed
By -15.5 (0.8)  -10.0 (0.2) 122 (0. - KBS (05) -21.2 (0.2) S138 ()
WS -14.5 (0.3) - 94 (0.3 11.5 (0.5) - 84 (0.6) -20.7 (03)  -1401 (3
RS -16.1 (1.0) -13.2 (2.0) 144 (0.9 -12.1 (1.4) <237 (1.2) 186 (1.9)
T ABLE IV
R1SUTTS 01 TWO WAY ANALYSIS 01 VA RIANCE
Freq/Pol Variable Deg of Freedom ¥ Significance®*
LvvV Species 3 16.2 <001
State 2 127.3 <001
Interaction 1 3.76 049 (yes)
1hu Speeics 3 331 <0l
State 2 722 <001
Interaction 1 122 3?4 (n")
LHY Specics 3 37.8 <001
State 2 265.6 <001
113 (no)

Interaction | 2.6

*  significanie level is 0.05

ometers and aircraft-mou nted SAR’s. Results of these
studics have given confidence in the performance of
MIMICS.

MIMICS models aforest canopy as two distinct hori-
zontal vegetation layers comprised of the tree crowns and
stems (or t1unks) over a dielectric ground surface, The
incident-specific intensity is related to the scattered inten-
sity through a transformation matrix found by applying
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(¢). Y1}, VV, and HV results are shown.
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radiative transfer cquations in the crownandstem layers,
applying boundary conditions at the ground surface and
vegetation boundaries, and using an iterative tcchnique to
solve for canopy backscatter.

Two classes of paramectersarce relevant for model de-
velopment. These arc |) the diclectric parameters that
specify the electrical propertics of canopy constituents,
and 2) the geometric paramcters that specify the shapes,
sizes, and spatial distribution 01 the canopy constituents,
Dielectric constants may bc used directly as input to the
model, or may be inferred from the appropriate constitu -
ent parameters. in this study, dielectric paramcters have
been inferred using the insite measurcments acquired
during the experiment and through applications of various
diclectric modecls ] 13), | 14].

Diclectric cylinders arc used to model stems, branches,
and necedles, while disks arc used to model leaves. The
size and orientation of cach class of vegetation constituent
is defined in terms ofa probability density function (PDF).
In gencral, the crown layer consists of constituent classes
such as branches, lcaves, or needles, cach with a corre-
sponding number density of particles per unit volume. The
geometric parameters appliedin thisstudy have beenin-
ferred through sets of insitu measurements and through
application of allometric equations [131.]14].

b) MIMICS Validation with AIRSAR Data: The
measured groundand canopy characteristics described
above were uscdto validatc the MIMICS scattering
model. Dobson er al. |14} discuss this validation in detail.
The results arc shown in Fig. 6. In summary, the meca-
surcd and modceled backscatter values match within 1 till
for all canopies and freeze/thaw states cxeept when the
ground interaction is significant. The mismatch is primar-
ily duc to modeling the snow-covered surface as a single
haif-space as opposcdto a half-space covered by a snow
layer.

Fig. 7 summarizcs the scattering intcractions at l.-band.

L-BAND

FROZEN Y THAWED

—w- = HH

B8P

O" "/
o HH0.85
W wWioe?

- 3

Fig. 7. Dominant interactions for 1 -band scattering from balsam poplar,
while spruce, and black spruc ¢ on both the frozen and the thawed days.
HH  (dashedliney and VV (solid line) interaction are shown if' the back-
scatter return is  significant.  Aithe fowerright 01 cach figure, the ratios of
ste - ground to total backsca tter for HH and V- are shown.

.
L

.
7 HH. 094
7 _VV:i060

Numbers tothe lower right for each case arc the ratio of
stem- ground to total backscatter for HH and Vv.

The total backscatter from frozen balsam poplar is
small; most of the energy passes through the canopy and
is scatteredin (he forward direction or is attenuated by the
ground as the low diclectric properties of the trees do not
contribute significantly to the backscatler. rnere is asmall
amount of scattering, however, from both the direct crown
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(primarily VV) and the stem- ground (primarily HH).
When thebalsam poplars thaw, both VV and H]| scatier -
ing from the crown increase, although the HH term is still
dominated by stem- ground. 1 1V backscatter from difluse
canopy scattering also increases significantly between fro-
zen andthe thawed states duce to the incrcased dielectric
constant of the canopy| 14].

FFor white spruce, VV scattering is dominated by crown
scattering for both the frozen and the thawed conditions,
For the frozen condition, HH scattering includes stem-
ground and crown scattering; white for tbc thawed con-
dition, HH scattering is primarily from the crown. As with
the balsam poplar, the HV backscatter increases signifi-
cantly with thawing ducto the increasc in canopy diclec-
tric constant {14].

For black spruce, as with balsam poplar, there is little
backscatter return in the frozen condition; however, the
HH return is dominated by stem- ground scattering, and
the VV return by dircctcrown return. When the black
spruce thaws, VV scattering is primarily from the direct
crown, while HH scattering is from both the direct crown
and steim-gro und. in general, for I-bandimaging of the
forests under frozen conditions, the canopy tendsto show
limited interaction with tile radar signals, whilc for the
thawed canopy, thercis scattering from both the stem and
the canopy. VV scallering is dominated by crownreturns
in both the frozen and the thawed conditions, while HH
scattering has a significant stem- ground component in
both the frozen and the thawed states.

c) van Zyl Model: The van 7yl model 139} uses po-
larimetric SAR data for unsupervised classification of the
scattering behavior by comparing the polarization prop-
ertics of cach pixel in animagetothat of simple classes
of scattering suchas even number of reflections, odd
number of reflections, and diftuse scattering. The follow-
ing criteria determine the dominant scattering mecha-
nism:

specular if:

Re(HH VV#) > HV (pixels colored blue)
corner reflector if:

-- Re(HH VV#) > HV (pixels colored red)
diffuse if:

[Re(HH VV#)| < HV (pixels colored green).

Results using the van Zyl model arc presented by Kwok
et al. (this issue) for the frozen and thaweddays.

As both the MIMICS model and the van Zyl results
indicate, the dominant1.-band scattering for thawed forest
is from the canopyand is diffuse for both white spruce
and balsam poplar. Both MIMIC’S and van Zyl's modcl
indicate single bounce scattering from tile canopy for fro-
zenwhite spruce. For frozen balsam poplar and black
spruce, the MIMIC’S model predicts significant stem-
ground return, while the van Zyl model shows primarily
specular scatter from the crown.
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Fig. 8 Classified images for the thawed (red) and frozen (blue) white
spruce/balsam poplar. The input was the March 13 (1) and March 19 (b)
AIRSAR duta. Classified inuges for the thawed (red) and frozen (blue)
black spruce, The input was the March 13 (¢) and March 19(d) AIRSAR
data. Black indicates the backscatter is outside the specified classification
range.

c. Regional Monitoring

The above results indicate thatit is possible 1o deter-
mine canopy freeze/thaw state in Alaskan forests based
on the analysi s of a few selectstands in BCHE. Our ability
to estimate frecze-thaw state on a regional basis may b e
addressed by analyzing the entire Al RSAR scene.

A simple backscatter fevel slicing routine was used to
classify frozen and thawed forests in the Bonanza Creck
scene. Using the Marcl 1988 1.- band HH results for the
measured test stands, the following classification units
could be identified for white spruce/baisiill~  poplar
(WS/BP) as asingle forest unit:

-9 8dB < gy, < --7.5dB thawed WS/BP (1)

13.5dB < o4 < 9.8dB frorzen WS/BP (2)

andfor black spruce (BS)as a single unit:

- 137 dB < oy< -10.7dB thawed BS (3)

— 15.1 dB <ogy-<-13. 7 dB frozen BS.  (4)
Note that frozen WS/BP and thawed BS have similar
backscatler signatures.,

The classification results are shown in Fig. 8. Thawed

o
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stands arc colored red, frozen stands are colored blue, and
stands outside the Classification limits arc black. in Fig.
8(a) and (b), frozenandthawed WS/BP stands arciden-
tificd using the original AIRSAR data as input and equa-
tions (1) and (2). OnMarch 13[Fig.8(a)], thawed
WS/BP stands arc correctly identified (colored red);
thawed RBS stands arc mistaken for frozen WS/BY stands
and colored blue. OnMarch19[Fig. 8(v)], all WS/BP
stands are correctly identified as frozen (colored blue);
most BSstands arc outside the limits specified for frozen
or thawed WS/BP and arc colored black. The misclassi-
fication of trees along theriver as thawed WS/BP oc-
curred because the SICM _ ground interaction of the Molar
with border trees occurs without attenuation through the
canopies of neighboring trees, resulting in a greater return
than from the rest of the stand.

In Fig.8&(c¢)and (d), frozen and thawed BSarcidenti-
fied using equations (3) and (4). On March 13[Fig. 9(c)],
thawed BS stands are correetly identified. *1’hawed
WS/BS stands arc outside the limits set for frozen and
thawed BS and arc colored black. On Marchl9|Fig.
8(d)], frozen BS stands are correctly colored bluc, how-
ever, WS/BP stands arc identified as thawed BS and col-
ored red.

in addition to using backscatter as an indicator of freez-
ing, scattering mechanism may be used for white spruce
anti balsam poplar.For both spccics, a change fromspec-
ular to difluse scatter indicates a change from frozen to
thawed canopy conditions.

{¢) and 35° (d) inci-

1V. Son Freeze/THaw AND Drcipuous LEAEY

ON/OrE Mobl 1. SIMULATIONS

No data exist for which the soil thaws or tile lcaves
c om e outor fall; therefore. we will use the MIMICS
modcelwhich has been validated for the available canopy
freeze/thaw conditions to simulate expected soii freeze/
thaw andlealon/ofl backscatter signatures. Wc focus on
I.-band HH and C-band vV and HH S AR channcels as
these arc the ones that will be available with current and
future spacchorne SAR missions, including ERS-1 and
ERS-2,JERS-1, and RADARSAT. Also included arc
simulations for canopy freeze/thaw such that C-band
changes may be addressed.

The model within MI M ICS for scatter from SNOW-COV .
ered ground was developed and validated for application
al 1.-hand. As this model may not necessarily be appli-
cable atC-band, some ambiguitics may result in the C-
band model simulations with respect to changing snow
conditions.

A. Model Simulations

The scasonal cycle in the soil- tree system for each of
the primary fioodplain forest types may be arbitrarily di-
vided into several stages which should correspond to dis-
tinctsignatures in the SAR data; these arc shown in ‘L’able
V. The conditions include canopy free/c/thaw (condition
1 -2), snow melt (2-3), drying of spruce ncedles under frost
drought (3-4 ), soil thaw accompanicd by an increase in
ncedle moisture and water potential (4-5), leaf-on for the
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TARLE V
SPICH ) ENVIRONMEINTAL ANI) PHE Sol 0GICCONDTTHONS FOR MIMICS

SIMUL ATION MODETING
Condition Environment Balsam _Poplar Spruce
Air Soil Snow .- --Wa (cer.o-meee- Leee-L o Witer L
Temp stale State State/Content Potential State/C ontentPotential
ILeaves Stem Needles Stem
| <0° frozen dry frozen 0 frozen frozen 0
2 >0" frozen Wet normal 0 normal normal o
3 >0° froz cn normal 0 normal normal d)
4 >0° frozen normal 0 dry dry <
5 >0° moist - normal u normal normal o
6 >0° moist high normal 0 normal normal o
7 >0° moist normal normal 0 normal normal o
8 >0° dry normal normal <) normal normal [d
9 >0" dry dry dry Ly normal mnormal <
lo >0° dry dry dry d) dry dry <
11 >0° flooded normal normal 0 normal normal 0
12 <Q° frozen norms) 0 normal normal 0
13 <0” frozen frozen 0 frozen frozen 0
Note  Cond ition 1 is the same on March 13, 1988; and cond ition 2 is the 831 1c as March 17 and 19 1988

balsam poplar (5-6), a summer dccreasce in leaf moisture
(6-7), drying of the soil and stressing of the balsam poplar
(7-8), drying of the balsam poplar leaves (8-9), drying of
the spruce ncedles (9- 10), flooding (1 ()- 1 1), soil freczing
and leaf fall (11-12), and canopy freezing (12-13). The
difference between conditions land 13 is duc to snow.

1) ERS-1 Paramete rs: Backscatter as a function of sca-
sonal state was simulated using ERS-I1radar paramcters
(C-band, VvV polarization, 23° incidence angle) for the
conditions shown in ‘l’able V. ERS-1waslaunched in July
1991 and will bc in orbitnominally through 1994.
ERS-2 will follow ERS-1 with a launch in the 1994/5
timeframe. Table VI summarizes the soil anti canopy
properties used in the simulations. The simulation results
are shown in ‘1’able VIlandFig. 9(a).

For C-band VWV for all three forest types, there arc large
total changes in the backscaticr over the year of 6.8dB
for balsam poplar, 4.3 dB for white spruce, and10.6dB
for black spruce. All three forest types show adrop in
backscatter when the stem and snow arc thawed relative
to frozen. All three canopies also show an increasc in
backscatter between conditions 2 and 3 whenthe wet snow
disappears and the spruce bccomestressed. Soil thawing
(condition 4 and 5) results in a 2-3 dBincrease in back-
scatter for the balsam poplar, however, this change is
modulated by a parallel change in lcaf moisture in the
spruce. ‘I'here is a large change in backscatter between
conditions 1 land 12 when the ground conditions are
changed from flooded to frozen and the leaves fall. The
difference between condition 8 and 9 shows the change
duc to tile balsam poplarlcaves drying; this change results
in little backscatter change at CVV.

in summary, for thestates of interest to CO, flux mod-
cling, CVV provides information on canopy freeze/thaw
and soil freeze/thaw but does not show sensitivity to lcaf
on/ofl.

2)JERS- 1 and RADARSAT Parameters:'I’he above
simulations were repeated using radar paramcters for
JERS-1and Canada’s RADARSAT. JERS-1 is an l.-band,
HH polarized system with anincidence angle of 35° and
was launchedin February 1992, RADARSAT is a C-band

TABLE VI
PROPERTIES USED IN SEASONAL SIMULATIONS

Property Assumption
Dry soil temperature 5C
Wet soil temperature sC
Soil volumetric v.oisture: dry* 0.1
Soil volumetric moisture: wet 0.3
Leal gravimetric moisture: high 0.8
Leal gravimetric moisture: uormal 0.6
Leal gravimetric moisture:  dry 0.2

same as L-band

same as L-band

same as frozen diclectrics

small perturbation model at -band
physical optics model at C-band

P-bund  snow diclectric constant

P-band woody divlectric constant

Dry and stressed woody vegcatation diclectrics
Ground surface toughness

*

units are fraciional moisture contert

systemwith HH polarization and a capability of operating
at a variety of incidenccangles;23°and 35° angles were
uscd in these simulations; RADARSAT is scheduled for
a 1994/5 launch and g 5-ycar missionli fetime. The results
of the JERS-1and RADARSA'T simulations arc shown in
‘I’able VIland Fig. 9(b)- (d).

For both the JERS- | and the RADARSAT parameters,
there is sig nificant change in backscatter over the season.
As was shown with the AIRSAR data, thel.-band shows
a significant rise in backscatler with thawing (condition
1 -2) forall three foresttypes. The CHHRADARSAT pa-
ramcters show little change duc to freeze/thaw except for
the white spruce which shows a drop similar to that ob-
served with the ERS-1CVV parameters. Soil thaw (4-5)
results in little change forwhite spruce at I.HHor CHH,
but a significant rise for balsam poplar and white spruce.
Leaf-on (S 6) results in a large drop in backscatter at
CHH. Falldrying of the leaves (8-9) likewise results in a
rise in backscatter at CHH.

3) Sunnnary: The above modeling results show that at
least two diflerentradar channels arc required to estimate
growingscasonlength. Soil freeze/thaw may be estimated
withERS-1 CVVorJERS-1 1.LHH channels; however,
neither provide adequate sensitivity to leal on/off. RA-
D ARSAT CHH should provide sensitivity to leaf on/off
but little sensitivity to freeze/thaw for the black spruce
and balsam poplar forest types. A combination of I.HH
and CHH or CVV and C} it 1 should provide adequate in-
formation for estimating the key seasonal transitions.
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VII

Rt s(11'1501 MIMICS SIMULATION MODELING  ERS-1, JERS-1,A\D
RADARSAT Mont s
(A11 VA TUES ARL IN [)1( CIBELS)

ERS-1 JERS-L
Congd CYY, 237 LU, 35°

Br WS Bs L3N ws BS

1 -16.43 -8.35 -13.96 -1466 -1215 -16.83

2 -18.54 -12.18 -1705 -1? 26 -725 11.00

3 -14.64 -8.49 -8.21 -3.92 -5.43 .549

4 -14.64 -1.91 -793 -3.92 -5.08 -5.42

5 1172 9.73 -905 -96 4.19 115

6 -12.78 9.73 -9.08 -233 -4 19 -115

7 -13.60 973 -9.05 -1.93 -419 <118

8 -1?7 63 -11 10 -12.24 -4,34 -5.90 -4.87

9 -1297 -8.50 -829 -3.55 -618 .637
10 -12.97 -7.92 -8.02 -3.58 -5.83 -6.29
11 -12.36 -R 19 -6.50 .26 -2 83 1.m
12 -14.64 -11 oK -1216 -3.92 .5,60 -4.07
13 -1248 7,91 .7.93 -2.43 -5.08 .5.42
Rnge 6.82 4.27 10.55 14,92 9,32 17.84

V.

In this section we discuss theusc of SAR data for clas-
sifying the landscape into units Of different carbon flux.
A maximum « posteriori polarimetric Bayes™ classifier
[27] was used to classify the AIRSAR datainto groups
corresponding to diflerent terrain cover. Fig.| 0(a) shows
the results using the March 13 AIRSAR dataas input, and
Fig.10(b) shows the results using the March19 data. The
classes arc: clear-cat areas (CC),alderstands (Al.), bal-
sam poplar stands (BP), white spruce stands (WS), black
spruce stands (BS), and river (R). Training arcas repre-
sentative of cach forest class arc the measured stands
shown in Table 11. Theaveragepolarimetric characteris-
tics of all the pixels contained in the training arcas Of a
particular class define the polarimetric characteristics Of
that class, and serve asan input to the polarimetric clas-
sifier.

Classification accuracy is then computed based on the
class labeling of the pixels belonging tothe 12 test stands.
Classification accuracy is recorded in confusion matrices,
as shown in Table VIH. Vertical columns indicate how,
for aparlicular class, various pixels arc misclassified.
Each vertical columntotals 1 00%, and componcnts of
each vertical column denote the percent  misclassification
(as other classes) relative to the correct classification based
on the training sites. The total classification accuracy at
one frequency is computed from the average of the diag-
onal clementsof the corresponding confusion matrix.

The results obtained on March 13 using fully polari-
metric L-band data yicld a total classification accuracy of
76%. WS, BP, and Al. arc confuscd because they have
similar backscatter characteristics. The results on March
19 indicatc a decrcase in total classificat ion accuracy of
15% at L.-band. BS is confused with CC; and the confu -
sion between BP and WS increases.

in summary, these results indicate that thawed condi-
tions arc better than {rozen conditions for mapping forest
type in the BCEF floodplain forests. Howcver, the clas-
sificationaccuracy is only computed ona set Of test stands,
i.e., dots not include all the pixels of the scenc.Further
testing using data correspondingtodiflerent seasons will

CLASSIFICATION o1 Forest Tyrrs

RADARSAT

cH, 23 cnn, 3se
By WS BS BP WS ks
13.69 7.60 -10.02 -12.73 -R 63 -11.07
-1518 11.95 -10.24 -13.8¢ -13.27 -9.33
-573 544 69 -5.63 685 -1.62
573 4,39 1.01 -5.65 -5.74 -1 27
2 35 5.37 279 -2.6¢ -6.78 290
7.49 5.37 2.79 -8.23 -678 290
591 5.37 2.79 -6.5¢ -6 7X 290
4.62 7.99 -.69 -5.472 919 -0'25
1.66 548 60 -2008 -6 8% 1 70
1.66 4.44 92 =218 57 -1135
358 323 528 -4.60 4 88 512
573 7.93 -.60 -5.65 913 -0 16
1.03 4.39 1.01 -1.47% 574 -127
14.12 8.72 15.52 12.42 8.39 16.19

MARCH 19, 1988 (FROZEN)

-BS DWS DBP DAL [:]CC DRIVER

Fig. 10.

Species classification maps using AIRSAR I-buand fully polari-
metnic datafor March 13 (i) and March 19 (b),

TABLE VI
CONFUSION MAT LI ES FOR 01 aSSIFICATIONS USING POLARIMETRIC L-BAND
AITRSARDATA

March 13

Species a: AL BpP ws BS R

<& 7 U 3 1 O ? 2

Al 170 1913 26 o

BP o 7 61 8 | o Accuracy = 70%
wSs Il 10 17 v 2 0

BS 19 10 2 I 69 0

R | 00 o 0 98

March 19

Species @ Al BP WS BS R

a 7 3 4 3 0 1 9 2

Al 1 44 18 11 4 0

op 1 0 38 28 o 0 Accuracy = 61%
WS 2 3 38 53 17 O

BS 23 9 3 8§ 59 0

R o 40 o 0 0 98

bc examined in follow-up paperstomore completely as-
sess the potential of the radar to separate various forest
types anti terrain covers with a high accuracy.
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V]. DISCUSSION

Wc have demonstrated the usc of SAR for mapping for-
est type or functional group for the major floodplain
successional stages in interior Alaska using I.-band polar-
imetric SAR data to an accuracy of approximately 70%.
Our results also indicate the annual freeze- thaw processes
of the major floodplain forest types can bc observed in
SAR data with a signal at 1.-band of 5- 7dB.Microwave
model simulations show a clear sensitivity to soil freeze/
thaw and leaf on/off. Given these capabilities, the appli-
cation of SARto improving annual CO, flux estimates in
the boreal forests will bc assessed. Wc first introduce an
ecophysiological model developed by Bonan which uscs
standard meteorological data as input to simulate daily
CO, flux. We then combine this model with parameters
which canbc estimated with SARto demonstrate how the
SAR data can beuscdto improve annual CO; flux csti-
mates.

A. Ecophysiological Model

Our current understanding of the ccology of borealfor-
¢sts indicates that interactions among climate, soil tem-
perature, permafrost, soil moisture, the forestfloor, litter
quality, andnutricnt availability control stand productiv-
ity and organic matter decomposition [4],[5],191.135}-
[38]. Bonan}7] has developed an ecophysiological model
of seasonal carbon uptake and rclease by boreal forest
ecosystems that quantifies this relationship.The model
simulates daily tree photosynthesis and respiration, moss
photosynthesis and respiration, and microbial respiration.
Tree photosynthesis is a function of the CO, diffusion gra-
dient, bulk boundary layer resistance, stomatal resis-
tance, and mesophyll resistance. Stomatal resistance is a
functinn of irradiance, foliage temperature, vapor pres-
sure deficit, and foliage water potent ial.Trcc respiration
is partitioned into maintcnance and growth respiration.
Maintenance respiration is an exponential function of fo-
liage temperature; growth respiration is a function of the
efliciency with which new tissue is synthcsized.

Bonan{6]describes the calculation of the required bio-
physical parameters such as stomata] resistance, foliage
temperature, soil temperature, anti soil moisture. The sur-
face energy budgcts for the upper forest canopy, lower
forest canopy, and ground surface arc each written in
terms of the temperatures ol the upper and lower canopy
and the ground surface. These three equations arc solved
simultancously for the three unknown temperaturcs; and
with ground surface temperature, evapotranspiration, and
snow melt known, soil temperature and soil moisture in a
multilayer soil arc updated. Required metcorologicalpa-
rameters (air temperature, precipitation, air pressure, rel-
ative humidity, wind speed, and cloudiness) for Fairbanks
were obtained based on the National Oceanic and Atmo-
spheric Administration’s (NOAA’s) ‘‘typical meteorolog-
ical year” as described by Bonan|6],[71.

Simulated seasonal cycles of snow depth, soil temper-
ature, stomatal resistance, and ecosystem CO> flux using

Bonan’s mode! are shown in Fig. 11 for representative
balsam poplar, white spruce, and black spruce stands
growing on the Tanana floodplains and average climatic
conditions. Vicreck et al.[40],141] and Van Cleve et al.
[37],138] describe the structurc of these particular stands.
The balsam poplar standis a highly productive 60-year-
old stand growing on war m, well-drained nutrient-rich
soil. The black spruce stand is an unproductive 130-ycar-
old stand growing on cold, poorly drained, nutrient-poor
soil. The white spruce stand is a productivel 1S-year-old
stand with a thick forest floor growing on well-drainccl
soil.

In all stands in the simulations, snow began 10 accu-
mulate in nliC1-October. The open-c:inopy black spruce and
the deciduous balsampoplar stands accumulated more
snow than the closed-canopy white spruce stand. Spring
snow melt beganin mid-April and was completed by the
endof April for all stands. Soils cooled during the winter
and beganto warm in spring as air temperature increascd
and snow meclted. The warmest summer soil temperatures
occurred in the balsam poplar and white spruce stands.
The black spruce standhadthe coldest summer soil tem-
peraturcsand the shortest period in which the soil was
unfrozen. The seasonal changes in soil and air tempera-
tures were 1eflected in the seasonal dynamics of stomatal
resistance. Stomata wecre closed (i .c. , high resistance)
during the winter months w hen air temperatures were cold
and the soil was frozen. As theair warmed and the soil
thawed, the stomata opened, and resistance to water vapor
10ss and CO); uptake decicased. ‘This opening of stomata
occurred approximately three weeks later in the cold black
spruce stand than in the other stands, resulting in a shorter
growing season. The seasonal dynamics of ccosystem CO,
flux parallcls these site conditions. During the winter
months, 0- 5 g CO, m “day” " were lost due torespira -
tion. In the spring, as the soil and air warmed, trees began
to grow and the ccosystemsabsorbed significant amounts
of CO,. This uptake was greatest for the productive bal-
sam poplar stand andlcast for the unproductive black
spruce stand. In the fall, as the soil and air cooled, tree
growthstopped and the ecosystems nolonger absorbed
CO,.

The onset of CO,uptakein balsam poplar is driven by
bud break in the spring which in turn is driven by air tem-
perature. For white spruce and black spruce, onset of CO;
uptake is determined by the thawing of the trees and soil
which is also driven by aittcmperature.

Bonan’s ccophysiological model can be used with me-
teorological data as the only input to derive annual carbon
influx as was shown inkig. Il.These seasonal carbon
cycles show that the primary drivers for estimating net
annual CO: flux arc growing season length (an early thaw
or leaf-out of four weeksinay change high latitude grow-
ing season length by up t030%), maximum productivity
(which decreases with scason), and daily fluctuations from
maximum productivity (Fig. 12). Spatial and temporal es-
timatcs of forest freeze- thaw and leaf on/ofl’ derived from
SAR data can becusedtoobtain direct estimates of grow-
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Fig. 1 1. Simulated daily snow depth, soil temperature. stomatal resistance, and €15 flux for one year from October 1 to Sep-
tember 30 for mature balsam poplar, white spruce, and black spruce stands grow ing 1 floodplains near Pairbanks using Bonan’s
ccophysiological model

Respiration ing scason length. Prodyctivity is related o APAR, which
_ Respiration and Transpiration in turn can be derived fromoptical remote sensing data
'\‘((,\;r‘t?\ﬁmg SS‘?f‘j”\"l‘f\‘M such as Landsat and (cventually) MODIS. Daily fluctua-
Growing Season Start peton frecze S48 tions in incoming radiation canbe derived from a cloud
g (soil thaw, SAK) N ‘ sensor such as TOMS or AVHRR. Alternately, remotely
Z ™M e sensed arcal estimates of 101cst types (e. g., black spruce,
S deciduous, €l¢.) can be combined with Bonan’s ecophys-
e iol ogical mod cl output 1o scale stand-level CO, (o land .

E scapc-average fluxes.
Here wcusc a combination of SAR-and mmicl-derived
Maximum €02 Flux T parameters toinvestigalce the variability in landscape CO,

NIV poEs Incident Raduation flux with scasonal state.
L (PAR TOMS) I

B. CO, Flux Maps

v Led € et o Fig.13 shows the modcl diagram from which CO, flux
‘ig. 12, Simulated CO, flux for while spruce indicating role of various , . <

remote sensors in- determining important patameters in €stim ating the an- maps and SCC|IC_a\{eraged (,Og.ﬂlIX for the seasopal .States
nual CO, flux. captured by AIRSAR arc derived using a combination of

Month
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Fig. 13, Potential CO; flux algorithm for which SAR data are used in species classification and scasonal state monitoring, and
Bonan’s model is used for scasonal CO, flux amplitude estimates. The March 13 and 19 data weie used as input to derive the
first two CO, flux maps. Leatf-on was simulated for the third map. Scene-averuged CO, flus estinutes ore shown for cach map.

SAR data and ccophysiological model output. Forest type
mapsare first generated using the March13 Al RSAR data.
For the two spruce foresttypes, the seasonal state is de-
termined using the backscatter ranges from cquations (1)-
(4). Forthe thawed spruce, the CO, flux derived by Bonan
(Fig. 1) arc then applicd. For frozenspruce and leafless

poplars, the CO, flux is (). ‘I’hawed white spruce and black
spruce have average daily CO, fluxes of 22 and - 10 g
m “day *, respectively. These daily CO, fluxes arc then
di splay ed as a CO; flux map and the average scene CO,
flux is derived. To further illustrate the value of monitor-
ing the leaf on/ofl conditions, we simulate the addition Of
balsam popl ar leaves 1o the March 13 scene (o obtain a
slate when both the spruce and the poplars are exchanging
CO,. The resultis also shown in Fig. 13 using an average
daily CO, flux for balsam poplar 01 --35 g m “day .
From the frozento the thawed to we Icaf-on state, the
scene CO, flux Changes from0to- 7 1013 g 111~ ?day' ‘

Such amodelmustbe validated for many more forest
types andscasonal conditions; however, these results il-
lustrate the importance Of both landscape classification and
scasonal state 1o any estimate of landscape CO» t1ux.

C. Improvement with Cla ssification

Bonan’s ecophy siological model |6], [7] requires forest
type coverage pereent to derive fandscape CO, flux esti -
mates. The pereent arcal extents of BS, WS, BP, Al, CC,
and R weie estimated using the classified Al RSAR scene
(incidence angle range from 37.5° to 52.5°) from March
13 [Fig. 1a)] ; the scene contains 16. 0% CC, 17.5% Al.,
13.0%BP,22.2% WS, 18.0% BS, and 13.3% R (1’able
I1X). The annual CO, flux for cach of these landscap ¢ types
wis then simulated using Bonan ’s ecophysiological model
[71. Table 1X shows the tree, moss, microbe, and total
ccosystem CO, fluxes, where a negative r1ux indicates
CO, uptake. The fluxes for black spruce arc the ave rage
of nine stands, and the fluxes for white spruce and balsam
poplar are the aver age of five white spruce and three bal-
sam poplar stands, respectively. The river had no CO,
flux. The area classified as clearcuthas no trees, therefore
no CO, flux was assumedfor this estimation. No data ex-
ist for alder; here wceassume fluxes equivalentto aspen
[7]. The total landscape CO» influx was estimated to be
987 g CO m” “yr '
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TABLEIX
1. AN DSCAPEESTIMATES OF ANNUALCO, Fruxe st

et "hg%usmlhm’s (2 _CO/mdlyr)

Stand Area Tree 0SSs Microbe “Fcosysiem
(% . .

AL X 17.5 -2123 0 298 -1825
BP 13, ) -3195 (1 514 -2681
WS 222 -1212 -216 322 -1106
us 18.0 -354 =200 171 -384
« 16.0 0 -200 171 -29
RIVER .. . B33 . _ . @__ _ _0__ __ _0_ ____ 0
lLandscape 100.0 -987
. Negative fluxes indicate CO2 upta ke; simulated annual CO2 flux data from Bonan (1991b)

Rased on March 13 ATRSAR data
No data exuts for alder; assumed €O flux equivalentto aspen(Bonan 1991 b).

The landscape CO flux derived from the model is sen-
sitive to forest type. For example, if all forests in this area
(i.e., 70.7 % of the scenc) were balsam poplar, the model
estimate of the landscape CO, influx would have been
1900 g CO, m" 2yr ', or more than afactor of two greater
than the above estimate. If all forests were BS, the esti-
mated CO, influx would be 276 g CO, n* 2yr', or about
one-quarter of the estimate based on the actual forest type
distribution. li'the entire scenc were BP, WS, or BS (i. e.,
without river or clearcut areas), the CO; influx would be
2681 (nearly three times greater), 1106 and384 (about
one-third) g CO; n“ 2yr'l, respectively. The differences,
in CO, influx predicted by the model for three forest types
are ductodiffercnces among the types in both photosyn-
thetic rates per unit of lcaf area and totallcaf area. These
simulations demonstrate the importance of accurately de-
termining the spatial mix of forests by CO, functional
group or forest typc.

VII. SUMMARY

This paper demonstrates using AIRSAR data and MIM-
ICS model simulations so that it is possible to both mon-
itor seasonal change and map forest type using multitem-
poral spaceborne SAR data in level terrains. The
importance of SAR-derived estimates of scasonal state and
forest type or functional group as input to the ecophys-
iological models was demonstrated. other sensors, such
as lLandsat and AVHRR, may offer similar abilities for
landscape classification and monitoring leaf on/ofl pe-
riods. Wc believe SAR is unique in its ability to monitor
frecze/t haw duration.

With the launch of ERS- 1 in the summer of 1991fol-
lowed by ERS-2,JERS-1, and RADARSAT, the oppor-
tunity {O begin long-term IIIOIlilOI‘ngOf these parameters
should allow important advances in our understanding of
the role of the boreal forests in the global carbon cycle.
Additional studies, particularly for upland forests, arc
necessary 1o fully understand our ability tousc SAR ona
regional basis to monitor growing season length anti map
forest type in boreal forests. Outstanding ecological ques-
tions include understanding the process of soii anti canopy
freezing and thawing relative to start and stop of  transpir-
ation. Outstanding SAR remote sensing questions include
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validating our ability to monitor leaf on/off and soil freeze/
thaw independentof canopy freeze- thaw. The microwave
models indicate that itis possible to observe these pro-
cesses; however, remote sensing data arc required for val-
idation.
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